INTRODUCTION
============

Liquid-liquid phase separation (LLPS) is a process in which proteins or protein-RNA complexes spontaneously segregate to form coexisting high- and low-concentration phases. LLPS is considered to play important roles in membraneless organelle formation ([@R1]). Such transient organelles have multiple cellular functions, including P-granules that enrich intracellular RNA binding protein during transcription ([@R2]), large cytoplasmic RNA-protein assembly in stress granules ([@R3]), and transcription factors condensing in Cajal bodies ([@R4]). Recent studies reported that LLPS was observed in several neurodegenerative disease--associated proteins, such as FUS, TDP-43, and tau ([@R5]--[@R7]), whereas it was widely accepted that the fibrillar assemblies of amyloidogenic proteins are central to the pathogenesis of neurodegenerative diseases including amyotrophic lateral sclerosis (ALS) and Alzheimer's disease (AD) ([@R8]--[@R10]). LLPS may initiate the aggregation and potentially lead to pathological assembly in disease ([@R6], [@R11]--[@R13]). It is thus hypothesized that LLPS may regulate the balance between intracellular organization and pathogenesis. However, specific molecular interactions that drive phase separation and the mechanism that determines the dichotomy between physiology and pathology remain largely unclear.

In most cases, LLPS is driven by multivalent, weak interactions involving low-complexity (LC), intrinsically disordered regions, which contain biased amino acid compositions or repetitive sequences ([@R5], [@R14]). Arginine-rich domains are believed to mediate LLPS via electrostatic interactions between guanidine and inorganic counteranions or RNA ([@R15], [@R16]). For example, RGG/RG motifs are common among proteins that can undergo LLPS, such as FUS, EWS, and hnRNPA1 ([@R17]). Tyrosine-containing repeats in the FUS and other hnRNPs (heterogeneous nuclear ribonucleoproteins) can also form hydrophobic and π interactions that are crucial in promoting hydrogel formation ([@R14], [@R18]). Those motifs are important in phase separation and aggregation via various weak interactions like cation-π and π-π interaction ([@R19]). However, it remains unclear what is the sequence determinant of the threshold concentration for initial separation and the aggregation status of the final phase.

Currently, most literature on LLPS focuses on RNA binding proteins involved in ALS, and we believe that proteins related to other neurodegenerative diseases may share a similar mechanism. Recent studies showed that an RNA binding protein, U1 small nuclear ribonucleoprotein 70 kDa (U1-70K), aggregates and associates exclusively with tau in the cortex of AD patients ([@R20]). Later, the Seyfried group demonstrated that the AD brain homogenate could induce the aggregation of U1-70K from both healthy brain homogenate and recombinantly expressed protein, indicating that U1-70K aggregation may contribute to AD pathogenesis ([@R21]). The same group further demonstrated that the highly repetitive pattern of basic-acidic residues in U1-70K is critical for aggregation, localization, and interaction with tau ([@R22]).

We thus hypothesize that the basic-acidic motifs in the LC domains may facilitate intermolecular interactions and phase separation, and report here the LLPS of U1-70K LC domain as well as the mechanism and its conversion from LLPS to aggregates.

RESULTS
=======

Both LC1 and LC2 of U1-70K can undergo LLPS
-------------------------------------------

On the basis of in silico predictions (fig. S1) ([@R23]--[@R25]) and previous studies ([@R21], [@R22], [@R26]), the LC domains of U1-70K were divided into two fragments: LC1 (231--308) and LC2 (317--407) ([Fig. 1A](#F1){ref-type="fig"}). We examined their behavior of LLPS in response to different regulatory factors.

![Sequences and LLPS of LC1 and LC2 of U1-70K.\
(**A**) U1-70K amino acid sequence with basic residues in red and acidic residues in blue. Disordered sequences by predictions were underlined, and LC domains were highlighted in gray. (**B**) Turbidity demonstrated phase separation of LC1 and LC2. (**C**) Confocal microscopy showed droplet formation of 60 μM LC1 and 200 μM LC2. (**D**) FRAP of the droplets formed by LC1 and LC2.](aax5349-F1){#F1}

LC1 and LC2 with enhanced green fluorescent protein (EGFP) fusion on their N termini were expressed in *Escherichia coli* and purified by Ni--nitrilotriacetic acid (NTA) affinity chromatography. Purified proteins were mixed with polyethylene glycol (PEG 8000) at different ratios, which mimics the crowded environment in cells ([@R27]). Phase separation was evaluated by turbidity and droplet formation under a confocal microscope ([Fig. 1, B and C](#F1){ref-type="fig"}).

As expected, both LC1 and LC2 formed dynamic liquid phases. The solution turbidity increased as protein or PEG concentration increased, indicating phase separation. The droplets merged and enlarged as more PEG was added, demonstrating stronger phase separation under more crowded environments. Furthermore, fluorescence recovery after photobleaching (FRAP) suggested that those droplets are in dynamic liquid phase, not gels or aggregation. A "half-bleach" method was used, where almost half of the droplet area was bleached and the fluorescence intensity was monitored over time to observe the redistribution of the proteins ([Fig. 1D](#F1){ref-type="fig"}). For both LC1 and LC2, the bleached droplets got fully recovered, indicating their liquid status.

Nonetheless, LC1 and LC2 showed a quantitative difference in phase separation behavior. LC1 underwent phase separation under lower concentration of PEG than LC2 and formed precipitates at a protein concentration higher than 80 μM. In contrast, LC2 formed stable droplets at concentrations up to 400 μM. This difference is consistent with previous reports that the LC1 has a higher tendency to aggregate ([@R22]). This may be due to different numbers of ampholytic motifs within the two domains, as LC1 contains more ordered basic-acidic residual repeats.

The phase separation of U1-70K was affected by pH
-------------------------------------------------

To test whether the electrostatic interaction in ampholytic motifs drives phase separation, we changed buffer pH to alter charges on the proteins and tested their phase separation behavior ([Fig. 2](#F2){ref-type="fig"}). LC1 and LC2 still underwent phase separation at altered pH, as indicated by increased turbidity. Higher concentrations of LC1 or LC2 were required to reach the same turbidity at high pH than low pH, suggesting that acidic conditions promoted phase separation, presumably due to increased positive charges at low pH. Electrostatic interaction is thus critical for phase separation.

![LLPS of LC1 and LC2 under various pH.\
(**A**) pH affects the progress of LLPS occurring as concentrations of LC1 or LC2 increasing. (**B**) Droplet morphology of LC1 (60 μM) or LC2 (200 μM) changes under pH 5, 7, or 9. Multiple *t* tests, *n* = 3; \*\**P* \< 0.0332, \*\*\**P* \< 0.0021, and \*\*\*\**P* \< 0.0001.](aax5349-F2){#F2}

As turbidity is affected by the size, density, and shapes of the droplets, further examination of fluorescent images was conducted to dig more details. Statistical analysis of droplet sizes and densities was performed based on the images acquired (fig. S2 and table S1). LC1 formed smaller but more droplets at higher pH. LC2 formed larger droplets at pH 5 than at pH 7, but at pH 9, it formed irregular droplets and the density dropped markedly. Fluorescence of these irregular droplets recovered over time in FRAP (fig. S3), suggesting that they are liquid droplets. The irregular shape may be due to weaker interactions at this pH. The different response to pH change may arise from the difference in amino acid composition. LC1 consisted of only six different amino acids, with 56.4% of basic residues (R/K) and 29.5% of acidic residues (D/E). This domain is highly ampholytic and the intermolecular electrostatic interaction would dominate phase separation behavior. In contrast, amino acid composition in LC2 is more diverse, with 27.5% basic residues, 30.0% acidic residues, and 27.5% hydrophobic residues (A/G/L). The differences in composition result in different pI (isoelectric point) of these two proteins: 11.77 for LC1 and 5.30 for LC2. From pH 5 to pH 9, although the quantity of charges may vary, LC1 stayed positively charged, and its phase separation only differed in droplet size and density. However, at pH 9, LC2 could barely remain as droplets, as the dominant charges changed to negative from positive at pH 5. The results suggested that positive charges from the basic residues are more important in mediating phase separation.

Free charges in solution regulate LLPS of LC1 and LC2
-----------------------------------------------------

The contribution of opposite charges should be considered separately instead of the total positive and negative charges or net charge. To test the role of both acidic and basic residues on phase separation of LC domains, we added free acidic (Asp), basic (Arg), and neutral (Ala) amino acids to the solution of LC1 and LC2, respectively, and inspected the phase separation ([Fig. 3](#F3){ref-type="fig"}). Both Arg and Asp substantially decreased the turbidity of LC1, while Ala had little effect ([Fig. 3A](#F3){ref-type="fig"}). Confocal microscopy further confirmed the changes ([Fig. 3B](#F3){ref-type="fig"}, fig. S2, and table S1). With Arg or Asp added, the formation of the droplets was disrupted, as the droplets became irregularly shaped and highly variable in size. FRAP was used to examine whether the irregular "droplets" were liquid phase (fig. S3). When Asp was added to LC1, the fluorescence of irregular entities was not able to recover, indicating that they were solid aggregates rather than liquid phase. In contrast, droplets formed by LC1 mixed with Arg remained liquid. Neutral Ala did not change the morphology of droplets. The results indicated that both cations and anions can interact with LC1 and interfere with its phase separation. The Asp anion had stronger effect, which is consistent with our conclusion that positive charges in the protein are more critical for LLPS.

![LLPS of LC1 and LC2 with Arg, Ala, or Asp doped.\
(**A**) Turbidity changes with increasing concentrations of free amino doped into LC1 (60 μM) or LC2 (200 μM). (**B**) Droplet morphology of LC1 or LC2 changes with the free amino acids. Multiple *t* tests, *n* = 3; \**P* \< 0.1234, \*\**P* \< 0.0332, \*\*\**P* \< 0.0021, and \*\*\*\**P* \< 0.0001.](aax5349-F3){#F3}

LC2 behaved differently when free amino acids were added. As increasing amount of amino acids was doped into the samples, Arg had little effect on the turbidity, while Ala and Asp decrease the turbidity, the latter with much stronger effect. Under confocal microscopy, LC2 with Arg did not show significant difference compared with LC2 alone. With Ala and Asp added, LC2 formed larger but dimmer droplets, indicating that LC2 interacted with these amino acids through its abundant basic residues via cation-anion and potential cation-π interaction. Although LC2 contains a smaller fraction of basic residues, free negative charges still have a strong effect on its phase separation. This is consistent with our observation that basic residues are more critical for phase separation.

An alternative explanation may be the screen effect from the high concentration of ions. Thus, we repeated phase separation experiments with 500 mM NaCl (fig. S4). High salt had different effect from the charged amino acids. Although we cannot fully rule out screen effect, the change in LLPS caused by adding free amino acids was mainly due to the interaction between the protein and free charges in solution.

Peptide models reveal a charge-driven mechanism of LLPS and aggregation
-----------------------------------------------------------------------

To further study the effect of charges, we tested phase separation behavior of an array of peptides derived from LC domains. We synthesized a representative fragment containing 19 amino acids from U1-70K LC domain with repetitive basic-acidic residues, termed RD19, and peptide variants with acidic or basic residues mutated to Ala (AD19 and RA19; [Fig. 4A](#F4){ref-type="fig"}). These peptides were mixed with PEG to examine their properties of phase separation. Both RD19 and RA19 showed increased turbidity and droplet formation, while AD19 remained one-phase solution ([Fig. 4B](#F4){ref-type="fig"}). Under confocal microscope, RD19 formed regular, highly circular, and stable droplets but RA19 produced irregular droplets ([Fig. 4C](#F4){ref-type="fig"}). These observations suggest that basic residues are essential for phase separation. A lack of acidic residues may not prevent phase separation but will destabilize the droplets.

![Peptide model of charge-driven LLPS.\
(**A**) Sequence of RD19 and its mutants. (**B**) Turbidity increased as peptide concentrations increased, indicating that LLPS occurred. (**C**) Microscopy images of the peptide. RD19 formed nice circular droplets; RA19 formed irregular droplets, while no droplets were observed with AD19. Multiple *t* tests, *n* = 3; \*\**P* \< 0.0332, \*\*\**P* \< 0.0021, and \*\*\*\**P* \< 0.0001.](aax5349-F4){#F4}

The peptide of RD19 provided a simplified model of this family of repetitive basic-acidic proteins. We tested whether it could further aggregate after LLPS. The peptide was incubated for 3 days and observed under transmission electron microscope (TEM) (fig. S5). RD19 formed short but well-aligned aggregates with interlaced structures. Usually, the charge-driven peptides or proteins aggregate to disordered form ([@R28]). We were wondering whether any secondary structure, like β sheet, resulted in the morphology of the aggregations. Thus, we obtained circular dichroism (CD) of RD19, both freshly made and incubated for 24 hours. The spectrum both showed typical random coil structure and did not change over time. The results strongly suggested that the repetitive anion-cation motif is sufficient to form aggregates with ordered structures.

So far, all the results confirmed that both LC domains can undergo LLPS, and the main driving force is electrostatic interactions. Although LC1 and LC2 share similar compositions and mechanism of LLPS, their behaviors are distinct. The basic and acidic residues constitute over 80% of LC1 so that the interactions between the molecules are dominated by charges, resulting in strong tendency to phase separate and aggregation. The diversity of residues in LC2 grants it more diverse interactions, potentially including hydrophobic effect and interactions with counterions. In both cases, cations in the domains contributed more interactions during the LLPS.

LLPS and aggregation of the LC domains was observed in cells
------------------------------------------------------------

In vitro assays showed that both LC domains can undergo LLPS. To test whether a similar pattern applies in vivo, we studied the LLPS of LC domains under physiological conditions. The sequences of LC1, LC2, LC, and full-length U1-70K were cloned into the pCDNA3.1-EGFP vector and transfected with Lipo8000 to Neuro2a (N2a) cells to express the corresponding proteins. After 24 hours, cells were imaged with a confocal microscope ([Fig. 5A](#F5){ref-type="fig"}). Highly circular droplet-like entities were observed in cells, indicating that LLPS occurred with all the four proteins. LC1, LC, and full-length U1-70K were only localized in the nucleus, and the droplets were colocalized with condensed nuclear bodies, whereas LC2 was distributed all over the cells and the droplets were not correlated with the condensed parts in nucleus. The difference in localization of the two segments drew our attention because the LC domain of U1-70K is outside of the RNA recognition motif and should not directly interact with RNA ([@R21]). When we titrated different amounts of polyU, no significant difference was observed (fig. S6). Unlike other RNA binding domains with abundant basic residues, the LC domain of U1-70K contains evenly distributed acidic and basic residues, weakening its interaction with large homo-charged molecules like RNA. The localization of LC1 should thus result from interactions with other nuclear proteins, which is consistent with the literature that LC1 facilities nuclear localization and phase separation of U1-70K ([@R22]).

![LLPS and aggregation of U1-70K and the LC fragments in cells.\
(**A**) Confocal microscopy of EGFP-LC1, EGFP-LC2, EGFP-LC, and full-length U1-70K in N2a cells. Nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI) in blue. EGFP alone was expressed as control. Arrows showed droplet-like entities in cells. (**B**) FRAP results of EGFP- LC1, EGFP-LC2, EGFP-LC, and full-length U1-70K in N2a cells. The fluorescence intensities of each area marked by red circles in (**C**) were plotted versus time. The intensity was normalized with the pre-bleached as 100% and first time point after bleach as 0%. (**C**) Fluorescence images during FRAP.](aax5349-F5){#F5}

In addition, large irregular aggregate-like entities were found in cells with LC1, LC, and full-length U1-70K transformed. The findings suggested that liquid phase and solid aggregates can coexist in vivo and that the aggregates may be the next stage of liquid-phase droplets. LC1-mediated phase separation dominated the behavior of LC and the full-length protein.

To further characterize the droplets and aggregates and explore the potential conversion process, we performed FRAP on living cells overexpressing LC1, LC2, LC, and full-length U1-70K. For LC1, LC, and full-length protein, we selected both highly circular droplets and irregular aggregate-like particulates and performed photobleaching. For LC2, only droplets were bleached because no aggregates were observed. Fluorescence recovery over time was recorded ([Fig. 5, B and C](#F5){ref-type="fig"}). The protein assemblies with different morphology demonstrated distinct behavior in fluorescence recovery. The highly circular droplets formed by all four species, shown as LC1-A, LC2, LC-A, and full U1-70K-A in [Fig. 5B](#F5){ref-type="fig"}, recovered more than 60% after bleaching, indicating liquid-like properties. However, when we bleached those irregular aggregates labeled as "-B" areas, less recovery was observed. Especially for LC1-B, only less than 15% fluorescence was recovered, suggesting that fabric aggregations were formed. For LC-B and full U1-70K-B, some recovery was observed. Compared with LC1, the aggregation structure of LC was more like a mixture of droplets and aggregates. In addition, we have observed similar assemblies with full-length U1-70K---some with good mobility showing more droplet properties and others having less mobility, which contained more aggregates. This heterogeneity in behavior suggested that the assembly may be undergoing conversion from droplets to aggregates. It would be the first observation that this kind of repetitive ampholytic proteins aggregates via LLPS.

As structural details of the aggregates in cells were beyond the resolution limits of optical microscope, we examined the aggregates of LC1 and LC2 in vitro with TEM (fig. S7). Both aggregates are well aligned, showing great similarity with RD19. Given that the LC domain barely has any secondary structure, we concluded that the aligned, interlaced structures resulted from regular packing of repetitive charged motifs. To capture the transition states of the conversion from droplets to aggregates, we incubated the phase separation samples at 37°C for 12 hours and prepared the TEM samples. Aggregates grown inside of the droplets were observed (fig. S7), confirming that the conversion did occur. On the basis of these observations, we propose a model for the assembly of proteins rich in ampholytic motifs, in which LLPS occurs first and then the liquid droplets convert to solid-like aggregates ([Fig. 6](#F6){ref-type="fig"}).

![Cartoon presenting the mechanism of the process from soluble proteins to phase separation and finally to fibric aggregations by the repetitive basic-acidic motif.](aax5349-F6){#F6}

DISCUSSION
==========

A number of models of LLPS that were proposed as proteins with different properties were reported to undergo LLPS, driven by various interactions, including π-π, cation-π, dipole-dipole, and cation-anion interactions ([@R1]). A common feature of phase separating proteins is multivalent motifs, such as the Phe-Gly repeats in DEAD-box helicase 4 (DDX4), in which the cation-π and π-stacking interactions contribute to its LLPS ([@R19]). Secondary structures and domains could also drive LLPS. For example, proteins like TDP-43 can phase separate through helix-helix interactions in its LCD and oligomerization domain ([@R29], [@R30]). Many of the phase separation processes require multiple proteins or motifs, especially those driven by electrostatic interactions. Arg is rich in many RNA binding proteins to interact with RNA, represented by FUS ([@R31]). LAF-1 existing in P granule contains separate acidic and basic motifs on C and N termini ([@R32]).

We have found a new amino acid pattern that induces LLPS by electrostatic interactions. Unlike the known charge-driven LLPS patterns listed above, in which opposite charges are distributed unevenly, usually in different molecules or domains, the LC domains of U1-70K contain evenly distributed basic and acidic residues, resulting in a strong self-assembling tendency to undergo LLPS. In the past few years, several groups have tried to predict the conformation and phase separation properties of polyampholytes ([@R28], [@R33], [@R34]). These investigators have demonstrated that the tendency for LLPS is affected both by the composition of charged residues and by sequence patterns. The properties of the polyampholytic proteins can be predicted by several parameters, such as fraction of charged residues (FCR) and charge patterning parameter κ. The sequences of LC1, LC2, and LC were analyzed with CIDER tool by the Pappu laboratory (table S3) ([@R33]). All three proteins are strong polyampholytes with low κ, which indicates that they have strictly alternating sequence. For comparison, LC1 has higher FCR, which results in higher tendency to self-assemble than LC2. LC2 is more hydrophobic, having more complicated interactions, as shown in the experiments. Combining theoretical predictions with analysis of the effects of pH and free charged amino acids on the phase separation of LC domains, we demonstrated how this alternately charged pattern drives LLPS and revealed that cations play a more critical role during the process.

These observations also gave us insights into the in vivo behavior of U1-70K under physiological and pathological conditions. The LC domain is sufficient for LLPS and may promote the formation of functional nuclear granules for RNA processing. Furthermore, strong interaction from the ampholytic motifs may promote assembly of pathological aggregations. As positive charges in the LC domain dominate in self-assembly, negatively charged molecules may co-aggregate under pathological conditions. Consistent with this notion, tau protein was found to co-aggregate with U1-70K when it is overphosphorylated in AD ([@R35], [@R36]).

Moreover, we observed for the first time the conversion of U1-70K LC domains from liquid phase to aggregation in cells. We found that the fraction of ampholytic motifs in a protein domain may determine its assembly states---LC1 with almost exclusively ampholytic motif forms both droplets and aggregations, whereas LC2 with a more diverse sequence pattern can only undergo LLPS. A higher fraction of ampholytic motifs results in stronger association and promote the conversion from liquid phase into aggregates. The mechanism we found explains the self-assembly behavior of proteins with ampholytic motifs and would facilitate the understanding of the conversion between functional granules and pathological aggregations. In addition to AD, increasing reports have suggested that LLPS is implicated in multiple neurodegenerative diseases. Understanding the mechanism of the conversion from LLPS to fabric aggregations would offer a new route for therapy.

MATERIALS AND METHODS
=====================

Materials and reagents
----------------------

The DNA template was a gift from J. Han (Xiamen University, China). The primers were purchased from BGI, China. DNA polymerase KOD FX (TOYOBO Life Science Department Inc.) was used for polymerase chain reaction (PCR). The gel-purified kit was purchased from Axygen, China. All the restriction endonucleases were from New England Biolabs (NEB), USA. The plasmids of pET-28a-EGFP and pCDNA3.1-EGFP were purchased from Miao Ling Plasmid, China. Amplified plasmids were purified using the Plasmid Mini Kit I (100) from OMEGA BIO-TEK. The Transetta (DE3) Chemically Competent Cell was purchased from TransGen Biotech, China. Lysogeny broth (LB) was purchased from Beijing Aoboxing Biotech Co. Ltd., China. N2a cells were gifts from Y. Chen (Tsinghua University, China). The Dulbecco's modified Eagle's medium (DMEM) 1× with glucose (4.5 g/liter) and MEM Alpha 1× were from Corning, USA. Fetal bovine serum (FBS) was purchased from Thermo Fisher Scientific. Penicillin/streptomycin was purchased from General Electric. All other chemical reagents, unless otherwise specified, were purchased from Sigma-Aldrich.

Construction and expression of EGFP-LC1 and EGFP-LC2
----------------------------------------------------

Three DNA fragments (LC1, LC2, and LC) were amplified using four primers (table S2). The PCR fragment was gel-purified, digested by restriction endonucleases Bam HI and Xho I, and cloned into the pET-28a-EGFP vector (Bam HI and Xho I digested). The EGFP-LC1, EGFP-LC2, and GST-LC2 proteins were expressed in Transetta (DE3) *E. coli* cells. For protein expression, *E. coli* cells were cultured in standard LB medium at 37°C until the OD~600~ reached 0.9 to 1.0 and induced by 0.5 mM isopropyl-β-[d]{.smallcaps}-thiogalactopyranoside (IPTG). The cells were incubated overnight at 16°C for protein expression. Then, cells were harvested by centrifugation at 4000 rpm for 18 min. EGFP-LC1 and EGFP-LC2 were purified by Ni-NTA metal affinity column. Particularly, we used 1 M NaCl in the buffers during the purification of EGFP-LC1. EGFP-LC1 and EGFP-LC2 were desalted into 200 mM potassium phosphate buffer by ÄKTA pure (General Electric, USA) with desalting column. GST-LC2 was cleaved by PreScission Protease (a gift from Y. Feng, Beijing University of Chemical and Technology, China) to obtain tag-free LC2, desalted into 200 mM potassium phosphate buffer.

Construction plasmid of pCDNA3.1-LC1-EGFP, pCDNA3.1-LC2-EGFP, pCDNA3.1-LC-EGFP, and pCDNA3.1 full-length U1-70K-EGFP for eukaryotic expression
----------------------------------------------------------------------------------------------------------------------------------------------

Three DNA fragments (LC1, LC2, and LC) and full-length U1-70K were amplified using six primers (table S2). LC1 was cloned with U1-Nhe231f and U1-Sac308rnostop; LC2 was cloned with U1-Nhe317f and U1-Sac407rnostop; LC was cloned with U1-Nhe231f and U1-Sac407rnostop; full-length U1-70K was cloned with U1-Nhe1f and U1-Sac1314rnostop. The PCR fragment was gel-purified, digested by restriction endonucleases (Nhe I and Sac II), and cloned into the pCDNA3.1-EGFP vector (Nhe I and Sac II digested). The EGFP-fused proteins were expressed by N2a cells.

N2a cells were cultured in complete media \[44.5% DMEM 1× with glucose (4.5 g/liter), 44.5% MEM Alpha 1×, 10% FBS, and 1% penicillin/streptomycin\]. N2a cells were plated in 24-well plate with microscope coverglass (φ14 mm, CITOGLAS, China) on the bottom and were allowed to grow for 12 hours. The plasmids of pCDNA3.1-LC1-EGFP, pCDNA3.1-LC2-EGFP, or pCDNA3.1-LC-EGFP were transfected with the Lipo8000 Transfection Reagent (Beyotime Biotechnology, China) into the cells for protein expression. After 24 hours, 4% paraformaldehyde was used to fix the cells and cell nucleus was stained with 4′,6-diamidino-2-phenylindole (DAPI) (Beyotime Biotechnology, China) for 30 min at 37°C. The Antifade Polyvinylpyrrolidone Mounting Medium (Beyotime Biotechnology, China) was applied to the samples and mounted to the slide glass (CITOGLAS, China).

Sample preparation for phase separation
---------------------------------------

EGFP-LC1 and EGFP-LC2 were purified by Ni-NTA column and ÄKTA pure. EGFP-LC1/EGFP-LC2 was dissolved in potassium phosphate buffer (pH 7) to a concentration of 160 μM/800 μM as stock and diluted with potassium phosphate buffer (pH 7) in the assay. Then, EGFP-LC1/EGFP-LC2 was mixed with 20, 40, and 60% PEG 8000 solution with a volume ratio of 1:1 at room temperature to obtain various concentrations.

Phase separation with arginine, alanine, or aspartic acids
----------------------------------------------------------

Purified EGFP-LC1/EGFP-LC2 was dissolved in potassium phosphate buffer (pH 7) to a concentration of 240 μM/800 μM as stock and diluted with potassium phosphate buffer (pH 7) in the assay. Arginine, alanine, or aspartic acids were dissolved in potassium phosphate buffer (pH 7) to a concentration of 2, 1.5, and 2 M as stock, respectively. EGFP-LC1/EGFP-LC2 solution was mixed with amino acid solution first to obtain various concentrations of R, A, and D. Then, 40% PEG 8000 was added to the mixture to a volume ratio of 1:1. For LC2, 500 mM NaCl was added instead of amino acids for comparison.

Phase separation at different pH
--------------------------------

Purified EGFP-LC1 and EGFP-LC2 were desalted into potassium phosphate buffer of pH 5, pH 7, or pH 9. EGFP-LC1/EGFP-LC2 solution was then concentrated into 320 μM/800 μM as stock and diluted with corresponding buffer in the assay. Then, EGFP-LC1/EGFP-LC2 solution was mixed with 40% PEG 8000 solution in a volume ratio of 1:1 at room temperature to obtain various concentrations.

Phase separation with polyU
---------------------------

Stock EGFP-LC1/EGFP-LC2 was prepared as above. Polyuridylic acid potassium salt form Sigma-Aldrich was dissolved in potassium phosphate buffer and mixed with the proteins at mass ratios of 0:1, 0.5:1, 1:1, 2:1, 3:1 (polyU:protein). Then, 40% PEG 8000 in a volume ratio of 1:1 was added.

Turbidity assay
---------------

Proteins and peptides were prepared as described above. Turbidity was measured by absorption at 600 nm in 384-well plates using a SpectraMax M2 microplate reader. All samples were examined in triplicate (*n* = 3).

Confocal microscopy of droplets in vitro
----------------------------------------

Confocal microscopy was performed with an inverted Leica SP8 microscope, equipped with lasers for 405- and 488-nm excitation. Images were acquired using a 20× objective. The following fluorescence setting was used for detection of EGFP: 498 to 533 nm. The images were analyzed with Fiji (ImageJ) for droplet size and density by analyzing particle function.

FRAP of droplets in vitro
-------------------------

Samples containing droplets were applied to an eight-well Lab-Tek chambered coverglass (Thermo Fisher Scientific). Experiments were performed on an inverted microscope (LSM 780, Observer.Z1; Carl Zeiss, Oberkochen, Germany) equipped with a confocal spinning disk unit (CSU-X1; Yokogawa, Tokyo, Japan) and a Zeiss 63× oil immersion lens. Half-bleach was performed at pixel resolutions of *x* = 64 nm and *y* = 64 nm. Droplets of an approximate diameter of 3.5 to 5 μm were selected, and approximately half of the area was bleached for 20 ns with 35 to 45% of maximum laser power of a 488-nm laser \[1 AU (Airy Unit)\]. The recovery was recorded at a rate of 2 s per frame for 650 s.

Transmission electron microscopy
--------------------------------

For aggregate observation, all the protein or peptides were incubated with shaking at 37°C for 3 days. For the examination of aggregation in droplets, the phase separation samples prepared above were incubated at 37°C for 12 hours. A total of 8 μl of solution was pipetted onto a carbon-coated copper grid, rested there for 2 min, and then stained with a 2% sodium phosphotungstic acid aqueous solution (pH 6.5) for 1 min. After the samples were dried, images of all samples were recorded on an HT7700 electron microscope (Hitachi, Japan) at 100 kV.

CD spectroscopy
---------------

The CD spectroscopy of peptides was recorded on a Jasco J-810 spectropolarimeter (Jasco Co., Japan). RD19 was dissolved in water and incubated at 37°C and 200 rpm. Before recording the spectrum, the solution was mixed by gently tapping its Eppendorf tube container five times. The CD spectra were collected at a bandwidth of 1 nm with a standard 4-s response time. The scanning mode was continuous with a scanning speed of 50 nm/min. Four scans were averaged for each sample. Molar residual ellipticity was calculated using ellipticity in millidegrees (θ), path length in centimeters (l), molecular weight in grams per mole (M), peptide concentration in milligrams per milliliter (c), and the number of residues (nr) in the following equation: \[θ\] = (θ × M)/(10 × c × l × nr).

Transfection of EGFP fused LC1, LC2, and LC in eukaryotic cells
---------------------------------------------------------------

N2a cells were cultured in complete media and plated in 24-well plate with microscope coverglass. After 12-hour growth, the plasmids of pCDNA3.1-LC1-EGFP, pCDNA3.1-LC2-EGFP, or pCDNA3.1-LC-EGFP were transfected with Lipo8000. The transfected cells were cultured for another 24 hours to allow the proteins to express.

Cell imaging and FRAP
---------------------

Cells growing on coverglasses were fixed with 4% paraformaldehyde, and the nucleus was stained with DAPI. The coverglasses were mounted to the slide glass with antifade polyvinylpyrrolidone mounting medium. Images were acquired by Zeiss LSM 780 with 63× oil immersion lens. Fluorescence signals were obtained with excitation/emission at 405/498 nm for DAPI and 488/546 nm for EGFP.

FRAP was performed on an LSM 780 inverted microscope from Carl Zeiss with 63× oil immersion lens. The transfected N2a cells were cultured in glass petri dish (φ20 mm). Before FRAP, the culture medium was exchanged to Opti-MEM. The droplets in cells were bleached for 8 to 10 s with 10 to 20% of maximum laser power of a 488-nm laser (1 AU). The recovery was recorded for 20 to 30 time points after bleaching (30 to 40 s). The fluorescent intensity of bleached area over time was calculated by Zen.
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